Five audiofrequency magnetotelluric AMT soundings were collected northwest-southeast along the Manyu river in the Mamfe sedimentary basin of southwestern Cameroon. The soundings were performed with frequencies in the range 3 to 2500 Hz and covered a distance of approximately 28 km. Sounding curves and geoelectric and geological sections were processed, and the results were compared with rocks' resistivity to characterize the lithostratigraphy of the eastern part of the basin. The results show above 1000 m depth, sedimentary layers with resistivities in the range of 1 to 100 Ohm-m, which decrease with depth. We identified three types of sedimentary rocks: laterite-clay mixture, shale, and sandstones. Various faults were also identified, illustrating the structural complexity of the Mamfe basin, along the Manyu River.
Introduction
The geological studies of the Mamfe basin (southwestern Cameroon) were carried out for the first time by Le Fur [1] , Dumort [2] , and Paterson et al. [3] . These initial studies provided the framework for the first geological map of the area. The geophysical studies in the area integrate gravity works by Collignon [4] , Fairhead and Okereke [5] , Fairhead and Okereke [6] , Fairhead et al. [7] , Ndougsa-Mbarga [8] , and Ndougsa-Mbarga et al. [9] . The geophysical studies also include audio-magnetotelluric (AMT) works by ManguelleDicoum et al. [10] , Nguimbous-Kouoh [11] , Nouayou [12] , and Tabod et al., [13] to map subsurface resistivities.
The aim of this paper is to use AMT field data to characterize the shallow structure of the Mamfe sedimentary basin along the Manyu River. To achieve this, various interpretation techniques were employed. The sounding curves were interpreted to derive the stratigraphy under each AMT station. A pseudosection and geoelectric and geological resistivity sections were then derived along the AMT profile, to deduce the continuity of the subsurface layers and the distribution of associated electrical resistivities. The combination of geoelectrical sections and pseudosections enables a more thorough interpretation [11, [14] [15] [16] [17] [18] . The AMT profile has five stations: Ndwap (M1), Abonando (M2), Esagem1 (M3), Esagem2 (M4), and Baku (M5).
Geology of the Study Area
The Mamfe sedimentary basin is a rifting basin formed in response to the Gondwana break-up and subsequent separation of the South American and African plates. It lies on an NW-SE trending trough with a length of 130 km and a width of 60 km and constitutes a small prolongation of the Benue trough where important oil fields have been discovered (Figure 1(a) ). The basin is favorable for the exploration of ores like lignite, lead, and zinc [2, 8, 11, 12, [19] [20] [21] [22] [23] . It is located between the latitudes 5
• 30 N and 6
• 00 N, and longitudes 8
• 50 E and 9
• 40 E (Figure 1(b) ), with average altitude ranging between 90 and 300 m above sea level. Figure 1(b) shows the available geological map. Some geological features have been extrapolated or withdraw. This is a preliminary geological map that was updated following several studies [2, 9, 20] . The geomorphology of the area is characterized by a succession of horst and grabens [2, [7] [8] [9] 20] . The basin is bordered by faults and rivers such as Manyu and Munaya which extend from Cameroon to Nigeria.
The lithology of the basin consists of a thick layer of sediments that impedes the identification and mapping of some major discontinuities at shallow depths. The sedimentary package lies on the Precambrian granite-gneiss basement. The sequence, from bottom to top, presents a succession of granites, schists, shales, sandstones, clays, and laterite ( Figure 2) . The stratification forms a sigmoid structure typical of a synclinal which is oriented E-W and its axes plunges 10
• to 20
• W [2, 7, 20, [22] [23] [24] . Le Fur [25] recognized five series of sedimentary rocks in the eastern part of the Mamfe basin (Figure 2 ), and these include from top to bottom [23] : (i) cross River sandstone series, (ii) clayey sandstone series, (iii) upper conglomeratic sandstone series, (iv) Manyu sandy clay series (This series is mineralized with galena, blende, and pyrite, as well as lignite or brown coal products), (v) lower conglomeratic sandstone series.
Review of the AMT Method
The audiomagnetotelluric method (AMT) is based on the calculation of the transfer functions between the telluric and magnetic fields measured on the surface of the ground. These transfer functions define an impedance tensor Z xy that is calculated assuming a linear relationship between the geomagnetic field Hy (in gamma) and the telluric field Ex (in mV/km) resulting from the interaction between the solar wind and the earth magnetic field in the upper atmosphere [26, 27] . The subsurface apparent resistivity is related to this impedance by the relation
The apparent depth at a given frequency f (Hz) and for an apparent resistivity ρ (Ohm-m) is given by the relation ρ (Km) = 0.503(ρ/ f ) 1/2 [28] [29] [30] . Electromagnetic waves at a given frequency penetrate deeper in resistive rocks than in conductive rocks. Therefore, by changing the frequency, different depth of the subsurface can be imaged. This constitutes a fundamental basis for the AMT method.
Processing of observed data (sounding curves) is based on best-fitting the observed data with the computed data. In order to mitigate the nonuniqueness of solution, a priori geological information of the study area is usually necessary. If the subsurface is isotropic, the telluric and magnetic fields are perpendicularly to one another, and the telluric field shows a shift of 45
• compared to magnetic field (advance in phase). When the subsurface is anisotropic, the telluric and magnetic fields are no more orthogonal, and the shift deviates from 45
• . The apparent resistivity and the phase shift can be estimated in the direction of the telluric field (ρaE and ΔϕaE, resp.) and in the direction of the magnetic field (ρaH and ΔϕaH, resp.) [31, 32] .
Data Acquisition
The data were collected with an audio-frequency resistivimeter [1] , which measures the values of the electrical resistivity [25] and Eseme et al. [23] .
and the apparent phase for twelve different frequencies (2500 to 3 Hz). The stations were laid out with an equidistance of approximately 5 km, due to irregularities of the relief and ease to equipment accessibility. The electrodes were positioned at each station on a surface area of about 10.000 m 2 with two electrodes aligned in the N-S magnetic axis (Hy) and two in the E-W telluric axis (Ex). The location of the stations, and the directions of the telluric line, which was assumed to be parallel to the basin, were obtained with a compass and a GPS. Measurements were carried at five successive stations (M1-M5) between the localities of Ndwap (M1) and Baku (M5) (Figure 1(b) ). The geographical coordinates that help locating these stations are shown in Table 1 . The average-apparent resistivity and the average phase for each frequency were calculated to obtain a good image of the pseudosection and the geoelectric section. The formulas ρ am = √ ρ N−S · ρ E−W for the average apparent resistivity and ϕ am = 1/2 (ϕ N−S + ϕ E−W ) for the average phase were used [11, 12, 32] . We applied the one-dimensional AMT principle: when two sounding curves measured in both telluric and magnetic directions along the main axes show similar apparent resistivity trends, 1D interpretation of average sounding curves is justified and the pseudosection and geoelectric section can be derived without any other errors beside those due to data quality [11, 12, [14] [15] [16] . The static shift was removed by compensating for site anisotropy [33] [34] [35] [36] [37] . The data inversion was done using IPI 2WIN and AMTINV software [17, 18] . Figure 3 show the sounding and phase curves at each station. The number of layers, thickness, and resistivity was derived from the best fit between experimental and theoretical curves. The data were interpreted with a maximum number of four layers, considering the sedimentation sequence and the lower resistivity of rocks in the area [7, 11, 12] . The number of layers at each station was controlled by the use of the root means square (RMS) misfit (0.006 to 0.20) between the field and modeled data and by the use of a damping-mean (0.71 to 0.87).
Results and Interpretation

Interpretation of the Sounding Curves. The 1D models in
The interpreted models show the subsurface resistivity of the basin, along the Manyu River, to a depth of about 800 m. Overall, the first layer is relatively resistive (4-79 Ohm-m) with thickness of about 7 to 31 m. The underlying second layer is less resistive (2 to 48 Ohm-m) and extends between 66 to 250 m depth. The third layer has a thickness ranging between 250 and 600 m with electrical resistivities of about 1 to 3 Ohm-m and overlies the fourth layer, which has a resistivity of about 4 to 20 Ohm-m.
Interpretation of the Phase
Curves. An important property of the phase is that it reacts slowly to variation in subsurface resistivities. Another application of the phase is that it is often used to measure the quality of the data [38, 39] . In all the models of Figure 3 , the phase curves are plotted as a function of the frequency. At high frequencies, the phase curves at Abonando (M2), Esagem1 (M3), and Baku (M5) stations are slightly below 45 degree, showing that the first layer is less resistive than the second. At low frequencies, the phase curves are slightly above 45 degree and imply that the third layer is increasingly conductive. However, the phase curves are greater than 45 degree or converge asymptotically towards 45 degree, in Ndwap (M1) and Esagem2 (M4). This shows that in these areas, the first layer is more resistive than the whole subsurface layers at all the frequencies. (c) 
Structural Interpretation.
Our structural interpretation is based on the pseudosection (Figure 4 ) and the geoelectric section ( Figure 5 ) that enables us to derive a geological section ( Figure 6 ). The apparent resistivity pseudosection (Figure 4 ) helps to constrain the underground continuity of geological structures and formations. In this type of representation, the distances between stations are displayed in the abscissa (linear scale), and the square roots of the periods are displayed in the ordinate (logarithmic scale) [11, 12, 17] . It can be observed that the variations in resistivities are slightly contrasted at the surface. These variations highlight three major superficial discontinuities in M2, M3, and M4. The pseudosection also shows a regular decrease of the resistivity with the period, thus suggesting the occurrence of conductive rocks at greater depths. These relatively conductive layers are characterized by resistivities that are lower than 17 Ohm-m. The conductive layers stretch across the pseudosection. The geoelectric section ( Figure 5 ) shows the electrical resistivity model which bestfits AMT responses along the profile. This model displays a relatively conductive zone with electrical resistivities ranging from 1 to 100 Ohm-m, located down to a depth of about 1000 m. The model highlights a layer whose electrical resistivities vary between 1 and 3 Ohmm (in black). This layer has a depth, which varies between 100 and 200 m and can be related to conductive layers previously mentioned in the interpretation of sounding curves. This layer is sandwiched between two layers with electrical resistivity 10 to 100 Ohm-m and thickness 100 to 200 m, and with deeper layers characterized by lower electrical resistivities .
Although the model does not allow delineation of the granite-gneiss basement geometry, it helps to locate the limits of the geological formations and the fractured zones cutting the profile, either by a reduction or an increase in the electrical resistivity. As a whole, this geoelectric section helped to conceive the geologic section of the first 1000 m of this part of the basin.
In the absence of borehole data, which are generally necessary for this kind of interpretation [36, 40, 41] , the geoelectrical section ( Figure 5 ), which was obtained by correlating 1D models at each station, was compared with rocks' resistivity ( Figure 7 ) and the lithostratigraphic column of the eastern part of the Mamfe basin proposed by Le Fur [25] and Eseme et al. [23] (Figure 2 ) to deduce a geological section ( Figure 6 ) along the profile. The geological section in Figure 6 highlights three different resistivity layers. The first layer, which is the combination of the first two layers [11, 12, 23] . The third layer has an average thickness of 500 m with resistivities that range from 3 to 20 Ohm-m; it can be associated with sandstones of Albian age [11, 12, 23] . We also identified four discontinuities between stations M1 and M5, which appear to correlate with faults of geological map (Figure 1(b) ) or a change in altitude ( Table 1 ). The geological map shows a fault between stations M2 and M3 and between M4 and M5. We interpret the fault between M2 and M3 (F2) to be located at about 150 m depth below the surface. The fault between M4 and M5 (F4) is characterized in our model by a discontinuity. Another discontinuity is observed between stations M3 and M4, and we postulate that this discontinuity may also be due to a fault (F3). It should be noted that, due to the relatively large spacing between stations (5 km), the precise delimitation of these faults is not possible.
Discussion
We identified three major resistivity layers covering a depth of 7 to 1000 m, with low resistivities in the range 1 to 100 Ohm-m, indicating the conductive nature of the subsurface in this part of the basin. The models in Figures  3 and 5 show a progressive decrease in resistivity with depth. The granite-gneiss basement characterize by greater resistivity values seems sufficiently far from the surface in our models. The gravity studies of Fairhead et al. [7] and Ndougsa-Mbarga [8] showed that the depth of the basin can vary between 700 m to 3000 m at different sites of the basin. Based on the geoelectrical section, we can conclude that sedimentary layer can exceed 1000 m thickness. The results of Nouayou [12] and Tabod et al. [13] predict the occurrence of volcanic rocks in the southern part of the basin with resistivities that vary between 250 and 1000 Ohmm and depths 30 to 100 m. We did not see evidence for shallow volcanic rocks in our profile because the resistivity values are well below 250 Ohm-m.
Conclusion
The use of the audiofrequency magnetotellurics technique enables the identification of faults and sediments of low resistivities in the Mamfe basin, along the Manyu River. We use a combination of a pseudosection, sounding curves, and a geoelectrical section to derive a geological interpretation of the area. We identified three main layers of low resistivities (1-100 Ohm-m), covering a depth of 800-1000 m. Based on correlation of our derived resistivities with rocks, we interpreted the shallowmost layer to be made of laterite and clay, the following second layer to be made of shale, and the third layer to be made of sandstone. Our interpretation of faults, which is based on discontinuities in the derived geoelectric section, illustrates the structural complexity of the basin. These results give an insight of the geological structure of the Mamfe basin along the Manyu River, which can be useful in the future for mining or hydrocarbon exploration.
